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Ceria is a technologically important rare earth material widely used in 
catalytic oxidation processes due to its unique redox properties. Hydrothermal 
treatment method had been used to prepare ceria nanoparticles with the average size 
of 6-30 nm and surface area in the range of 46-62 m2/g in the presence of ionic liquid 
based on acetate anion, trifluoroacetate anion, dicyanamide anion as organic linker, 
cerium nitrate hexahydrate as precursor and ammonia. The ceria nanoparticles were 
characterized by X-ray diffraction techniques (XRD), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), N2 adsoprtion-desorption 
technique, FTIR spectroscopy and electron energy loss spectroscopy (EELS) to 
evaluate the effect of ionic liquid organic linker on the textural and structural 
properties of ceria nanoparticles. It was found that the cerium oxide synthesized by 
acetate anion based ionic liquid has cube shape morphology and gradually form belt 
shape as the hydrothermal treatment temperature is increased. Cerium oxide 
synthesized by trifluoroacetate anion based ionic liquid remains its cubic 
morphology even at elevated temperature. Both show an increase in particle size at 
higher treatment temperature. Whereas for cerium oxide synthesized by dicyanamide 
anion based ionic liquid, ceria particles agglomerate and form irregular structures 
and the particle size increased with elevated treatment temperature. Catalytic 
photodegradation of azodye were carried out to investigate the catalytic activity of 
cerium oxide. Experimental kinetics were analyzed with pseudo first and five 
different type of pseudo-second order kinetic model. The study proved that ionic 
liquid-synthesized cerium oxide had better catalytic performance than commercial 
cerium oxide and pseudo-first order kinetic model best represents the methylene blue 
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1.1 Background of Study 
Cerium is the most abundant rare earth element (about 0.0046 weight % of 
the Earth’s crust) and the practical usage of cerium is mostly in its oxide form due to 
its stability. Cerium oxide consists of a cubic fluorite structure with each cerium 
atom surrounded by eight oxygen sites, and each oxygen having a tetrahedron cerium 
site. Cerium oxide possesses unique properties such as UV absorption, high oxygen 
storage capacity, high oxygen ion conductivity, and high surface area. It also has 
excellent redox property to act as an oxygen buffer, which involves the reversible 
conversion of oxygenation/deoxygenation cycles between Ce3+ and Ce4+ that leads to 
the generation of surface oxygen vacancy without disruption of the fluorite lattice 
structure [1]. Indeed, cerium oxide has been extensively studied and applied in many 
catalytic oxidation processes due to its effective redox sites and ability to exchange 
oxygen. Cerium oxide has high catalytic efficiency in degrading wide range of 
organic substrates at ambient temperature and pressure without generating harmful 
by-products [2]. Thus, one of the most crucial applications of cerium oxide is the 
photocatalytic degradation of azodye-contaminated wastewaters. 
Azodyes are an abundant class of synthetic, colored, organic compounds, 
which are characterized by the presence of one or more azo bonds. Synthetic textile 
dyes and other industrial dyestuffs constitute the largest group of chemicals produced 
in the world. It is estimated that approximately 800,000 tonnes of dyes are produced 
annually worldwide [3]. Among these dyes, azodyes constitute the largest and the 
most important class of commercial dyes, about 50-70 % in the market today [4]. 
Textile dyeing demands large amount of water and produces substantial volume of 
waste water. It is estimated that about 10-20 % of the global dye production is lost to 
waste water due to inefficient synthesis and dyeing processing [5]. Therefore, 






the textile and dyestuffs industries. This colored dye effluent are synthetic 
compounds with complex aromatic molecular structures, which make them resistant 
to light, heat and oxidizing agents. They also pose a major threat to the ecosystem 
due to their non-biodegradable, toxicity and capability of reductively splitting 
carcinogenic aromatic amines under anaerobic conditions [6]. 
Cerium oxide does not only absorb light in the near ultraviolet region but also 
slightly in the visible light region. Pouretedal et al. [7] conducted experiment on 
methylene blue photodegradation by using CeO2 nanoparticles under UV-light over 
four cycles and re-used the catalyst for photodegradation of dye under sunlight 
irradiation. They conclude that the prepared cerium nanoparticles show catalytic 
activity under sunlight as well as under UV irradiation. Studies on catalytic process 
should be focused more on the visible light-driven catalyst, since UV light takes up 
only ca. 4 % of the solar energy while visible light takes up ca. 43 % [2]. The 
catalytic activity of cerium oxide nanomaterial is highly dependent on its mechanical 
and physio-chemical properties. The unique redox property that determine the 
catalytic activity is usually described by the oxygen storage capacity (OSC) which is 
largely dependent on the size and morphology that influences the redox feature of 
ceria significantly, depending on the exposed crystalline planes and surface-to-
volume ratio. The higher amount of oxygen vacancies present, the more active 
oxidative species can be generated to degrade azodye molecules [4]. Thus, the 
synthesis of cerium nanoparticles with different morphologies and sizes has been 
widely investigated on improving its catalytic behavior. 
Cerium oxide with different morphologies and sizes can be prepared using 
hydrothermal synthesis. Hydrothermal method follow by thermal decomposition-
oxidation has successfully synthesized three dimension ceria nanomaterial in large 
scale with Cerium Nitrate Hexahydrate, Ce(NO3)3.6H2O as cerium source, aqueous 
urea as alkaline and carbon source and several types of surfactant. This method had 
successfully synthesize cerium oxide nanomaterial with different morphologies such 
as nanowires, nanorods, nanoparticles, nanoflakes, nanotubes, nanopolyhedron, 
flower-like nanostructure, nanodendrites, nanotrigon-like structures, coral-like 
nanostructure, nanoribbons and so on. The important factors affecting the 






source precursor used. In the present study, we employed the hydrothermal method 
to prepare the morphology dependent ceria nanomaterials using a set of ionic liquids. 
The structural feature of the ceria nanoparticles were determined with scanning 
electron microscope (SEM), transmission electron microscope (TEM), electron 
energy loss spectroscopy (EELS), electron diffraction (ED), X-ray powder 
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), fourier transform 
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), N2 adsorption-
desorption technique and UV-vis absorption spectroscopy. The catalytic behavior of 
these synthesized cerium oxide nanomaterial was also observed by azodye 
degradation application.  
1.2 Problem Statement 
The treatment of azodye-containing wastewater had become a matter of great 
concern due to its toxic and carcinogenic nature that will pose great harm to the 
environment as well as leading to health hazards. Degrading azodye contaminant 
using photocatalysis reaction assisted by a photocatalyst had been found effective 
since this process can work under ambient conditions and do not produce any 
harmful byproducts. Indeed, morphology of the photocatalytic nanomaterial is 
readily involved to improve the efficiency of photocatalysis reaction for azodye 
containing waste water treatment. With improved catalytic activity, cerium oxide is 
highly feasible to be used commercially in industrial waste water treatment due to 
additional credits of being naturally abundant, nontoxic, and inexpensive. On that 
regards, there consists an opportunity to synthesis the morphology dependent ceria 













Nanotechnology is providing new insights in the subject of heterogeneous 
catalysis with several classes of nano-scale materials that are already been evaluated 
as functional materials for water purification. The use of light to activate such 
nanoparticles opens up new ways to design green oxidation technologies for 
environmental remediation. Nanomaterial photocatalyst can therefore be a good 
solution to remove azodye effluent.  The objective of this study is: 
1. To enhance the catalytic properties of cerium oxide nanomaterial. 
2. To compare the catalytic performance among synthesized CeO2 and with 
commercial CeO2 through Azodye degradation process. 
1.4 Scope of Study 
The scope of study is to identify the area of research in this final year project and 
they are as below: 
1. Synthesizing hierarchical structured cerium oxide nanomaterial by using four 
types of ionic liquid as organic linker through hydrothermal decomposition 
method. 
2. Characterization of hierarchical structured cerium oxide nanomaterial by 
using a variety of analytical tools to identify the morphology as well as 
structural properties. 
3. Compare the efficiency of commercial CeO2 and hierarchical structured CeO2 
nanomaterial in photodegradation of azodye. 
4. Determining the kinetic model of methylene blue degradation using 
synthesized CeO2 catalyst. 
1.5 Relevancy of the Project 
 The project is relevant to final year student since the content within the scope 
of study is understandable for undergraduate level. Information and published paper 
related to the research title is widely available online. Certain basic aspect on the 
study of crystallography had also been taught in material science course while the 
usage of analytical tools such as FT-IR spectroscopy and Ultraviolet-visible 
spectroscopy was included in chemical analysis course offered previously. Other 






technician. The two objectives set for this final year project is achievable under the 
guidance of assigned supervisor.   
1.6 Feasibility of Study 
During Final Year Project I, preliminary research work had been done by 
studying and gathering relevant information from published paper as well as internet 
sources. Sufficient reading materials and literatures are available for this project. All 
the equipment and tools needed are attainable. Experimental work had started since 
the first academic week up until now. 
The chemicals needed for synthesizing hierarchical structured cerium oxide is 
obtained. The work on synthesizing cerium oxide using ionic liquids had been going 
on simultaneously with the photodegradation of methylene blue using commercial 
cerium oxide. The purpose is to fix a standard procedure to be practiced for the 
following photodegradation experiment using cerium oxide nanomaterial synthesized 
by ionic liquid. Methylene blue dye degradation also shows obvious reduction in 
colour within one day, thus, it is highly feasible for the comparison of catalytic 
activity of cerium oxide used. 
Continuous study on published papers will be done in order to gather more 
information on interpreting the data and results obtain from characterization analysis 
and photodegradation process. The project is feasible since the preparations needed 
for experimental work are done. Apart from that, the activities carried out are within 
the scope of studies where synthesizing cerium oxide using ionic liquid had been 
done and the characterization analysis is fully completed. The second part of the 
experiment on azodye degradation to determine the catalytic activity of cerium oxide 
had been completed as well. Thus, the experimental work done so far is in 













CeO2 are widely used in catalysis as well as other technology fields because 
of the high oxygen vacancies and oxygen ion conductivity properties. The properties 
of CeO2 highly depend on the morphologies and crystallographic orientations. In 
recent years many experiments have been focused on the morphology control 
synthesis of ceria and diverse morphologies is produced with its own improved 
unique properties that extends its applications in various fields. 
In earlier reports, Ji et al. demonstrated a study of adsorption and degradation 
of acid orange 7 on the surface of CeO2 under visible light irradiation and cerium 
dioxide is found to be an efficient photocatalyst to degrade azodyes under visible 
light irradiation. The photodegradation of AO7 azodye catalyzed by CeO2 has better 
performance compare to the use of commercial titania (Degussa P25) catalyst under 
identical conditions of visible light irradiation [4]. Figure 2.1 shows the mechanism 
of azodye degradation where azodye is activated by light irradiation at particular 
wavelength and the excited electron is injected into cerium oxide. Then the electron 
is scavenged by the surface oxygen and initialized a series of redox reaction leading 







FIGURE 2.1 The photocatalytic mechanism over CeO2 under irradiation of visible light 
Visible light as the 






Tana and colleagues [8] performed a comparative study to determine the 
redox capability of ceria nanoparticles, nanorods, and nanowires. The area of ceria 
nanoparticles is the highest – 155 m2/g, followed by nanowires and nanorods with 
area of 130 m2/g and 128 m2/g respectively. H2-TPR gives the idea that wide surface 
area and small particle size of ceria nanoparticles contributes to high concentration of 
surface oxygen species. Ceria nanorods and nanowires have higher crystallinity and 
larger crystal size so their surface oxygen is less. When the three different 
nanostructures are re-oxidized at 673K, the oxygen storage capacity of nanowires 
turn out to be the highest – 735 µmol O2/g followed by 557 and 538 µmol O2/g for 
nanorod and nanoparticles respectively. This reverse trend proves that the oxygen 
storage capacity strongly depends on the ceria morphologies and not the effect of 
size and surface area alone. According to Tana et al., the high oxygen storage 
capability of ceria nanowires is due to the higher portion of {100} reactive plane 
exposed and higher volume to area ratio. Ceria nanoparticles structure dominantly 
expose the most stable {111} plane and it reduced in surface area under reducing 
atmosphere with increasing temperature. On the other hand, ceria nanorods have 
lower portion of {100} reactive plane exposed and lower expect ratio in comparison 
to nanowires structure. Thus, it is deduced that the morphologies of ceria 
nanostructures can highly enhance the oxygen storage capacity depending on the 
nature of the exposed crystal plane in different morphologies. 
Chowdhury et al. used simple hydrothermal and precipitation route with 
ammonia and precursor at 100 °C for 24 h to synthesize ceria nanorod structure with 
higher surface area, easier reducibility and higher mobility of surface oxygen species 
compare to commercial CeO2 particles [9]. The as-synthesized ceria nanorod catalyst 
has a high surface area of 78 m2/g as well as a small particle size of 200-300 nm. 
While commercial ceria with particle size ranging from 6-10 nm gives a very low 
surface area of 6 m2/g. This large surface area is a beneficial characteristic for 
catalytic reactions. As mention previously, the reactive plane exposed is also an 
important factor in identifying catalytic activity. In the case of CeO2 nanorods, XRD 
and FESEM analysis shows more reactive planes are exposed compare to ceria 
nanoparticles, therefore more oxygen vacancies are present. The higher catalytic of 






methanol oxidation proves the importance of morphology and structure of ceria in 
enhancing catalytic activity. 
In 2009, Cui et al. [1] successfully synthesize cerium oxide nanospheres 
make up of numerous nanoflakes through hydrothermal reaction and cerium 
nanoparticles through direct precipitation without any templates. Cerium Nitrate 
Hexahydrate and trisodium citrate dehydrate as shape controller is used to form the 
precursor in this synthesizing method. The solution is put under hydrothermal 
treatment at 200 °C for 24 h calcined at 500 °C for 3 h in air whereas direct 
precipitation follows all the synthesizing condition except without further 
hydrothermal treatment. CeO2 nanosphere has a diameter ranging from 100-230 nm 
and the nanoflakes that make up this architecture have a BET surface area of 24 m2/g. 
The cerium oxide nanosphere is polycrystalline and consist of predominant plane 
{220}, followed by {200} and {311} planes, while the most stable {111} planes are 
the least. CeO2 nanoparticles has a diameter ranging from 50-100 nm and  BET 
surface area of 27 m2/g with predominantly exposed planes of {111}. Even though 
the direct precipitated CeO2 nanoparticles have a greater surface area but CeO2 
nanosphere with smaller surface area have better catalytic activity in CO conversion 
rate due to exposure of more activated {220} and {200} planes. Analysis on exposed 
facets is as important as identifying the surface area in determining the catalytic 
activity of cerium oxide. 
The properties that contribute to the catalytic activity of cerium oxide 
nanomaterial can be enhanced by altering its structure. Literatures below provide the 
type of hierarchical structure of cerium oxide that had been previously synthesized. 
Three dimensional cerium carbonate hydroxide micro/nanostructure are typically 
synthesized by precipitation and self-assembly mechanism through hydrothermal 
method in the range of 140 ± 20 °C with cerium source from Ce(NO3)3.6H2O, 
aqueous urea acting as carbon source and adjusting the reaction pH value, as well as 
the addition of surfactant or template. CeO2 nanostructures have been obtained by 
thermal decomposition of CeCO3OH precursor by calcinations in air at high 
temperature of 400 ± 50 °C for 4 to 72 h. The governing parameters of the ceria 
morphology are solvent composition, type of surfactant, temperature and cerium 






Wang et al. [10] synthesized a uniform 3 dimensional (3D) navicular ceria 
mico/nanocomposite for the first time using lysozyme as the soft template 
hydrothermally at 100 °C for 10 h. The navicular structure is composed of layer by 
layer self-assembled growth mechanism due to the electrostatic interactions of the 
3D navicular ceria precursor and lysozyme. After calcination at high temperature, an 
elliptical CeO2 crystallite with preserved navicular morphology was obtained with 
interplanar spacing of 0.31 and 0.27 nm corresponding to the (111) plane and (200) 
plane. The well-alligned nanosheet layers are arranged in different orientations, thus 
forming inter-nanocrystal mesopores. The mesopore navicular ceria exhibit type IV 
BET isotherm with surface area of 32.2 m2/g. The average pore size is 4.0 nm, 
calculated from the desorption branch with BJH method. 
Under the presence of cerium (III) nitrate, urea, and water with TEA or DEA, 
Zhang et al. [11-13] successfully prepared a threefold and twofold shape CeO2 
dendrites at 150 °C and 160 °C by hydrothermal reaction respectively for 12 h. Both 
products are well-crystallized in dendritic structures distributed symmetrically by 
thermal decomposition. TEA and DEA serve as the coordinating agent and structure-
directing agent. Recently, Zhang et al. used ammonium nitrate as the mineralizing 
agent to synthesis CeO2 triangular microplates structure via thermal treatment at 
160 °C and trigon-like particles with three edge of similar length ranging from 2-5 
µm. Addition of mineralizing agent slow down the crystal formation rate to allow 
better adoption of position to form the trigon-like structure. 
In another experiment, solvothermal method was adopted by Chen et al. [14] 
to produce hierarchical cerium sulfate microdisks by using ammonium persulfate and 
ethylene glycol as the template, at 160 °C for 48 h. Under thermal decomposition at 
1100 °C for 4 h, ceria microdisks are formed. In this reaction, the hierarchical 
microdisk-like structure consists of pentagon nanosheets of 30 nm thickness stacking 
together through a self-assembling process. The average diameter and thickness of 
the ceria microdisks are about 9.1 µm and 320 nm respectively with numerous 
micropores. 
Ceria hierarchical structure that is geometrically similar to flower had been 
successfully produced. Li et al. [15-19] prepared three dimensional flower-like ceria 






copolymerization of acrylamine and glucose initiated by ceric ions at pH 10 with 
ammonia solution. After that, the as-synthesized CeCO3OH was dried at 80 °C for 
more than 10 h. A two step calcination procedures whereby calcination in Ar 
atmosphere at 600 °C for 6 h followed by calcination in air at 400 °C for 4 h are 
undergone to obtain flower-like CeO2 microsphere. These microspheres have 
average diameter of 1-3 µm comprising of numerous nanosheet petals with an 
average thickness of about 20-30 nm which interweave to form an open porous 
structure. BET surface area of the flowerlike CeO2 microsphere is 92.2 m2/g with 
pore diameter of 6.99 nm calculated from the desorption branch using BJH method 
and corresponding pore volume of 0.17 cm3/g. Flowerlike ceria microstructure 
properties are continuously investigated through metal doping effects by adding 
doping components (M) of Yttrium, Lanthanum, Zircornium, Praseodymium, Tin, 
Ruthenium, Copper, Nickel and Aurum with the ratio of Ce0.9M0.1O2-δ and tested 
under different applications to compare its properties. Flower-like nanostructures of 
ceria comes to attention due to its open mesoporous structure, large specific area and 
unique nano-crytalline feature. 
Another type of three dimensional flowerlike nanostructure can be formed by 
the assembly of CeCO3OH quadrilateral pyramids. Guo et al. [20] demonstrated the 
hydrothermal synthesis of this quadrilateral pyramid flowerlike CeO2 nanostructure 
at 120 °C for 10 h with polyvinyl alcohol as the surfactant and calcinations is done at 
the temperature of 500 °C for 10 h. During this hydrothermal process, CeCO3OH 
sized 5-8 µm is synthesis under two hydrolysis process and consist of preferential 
growth direction along  the (100) direction. The quadrilateral pyramids surface of 
CeCO3OH is smooth and well-faceted with edge length of 100-300 nm and length up 
to several micrometers. The structure of CeO2 obtained after calcination is different 
from CeCO3OH where majority of the flowerlike nanostructure break free from the 
center, thus, ceria pyramids and flowerlike nanostructure co-exist. On the other hand 
Li et al. [21] demonstrated the quadrangular prism like nanostructure with higher 
stoichiometric concentration of cerium precursor at similar conditions. In addition, 
they observed that quadrangular prism like ceria nanostructure could be obtained in 
the absence of PVA surfactant and increase the size around 500 nm. Therefore it has 
been suggested that PVA surfactant also plays an important role to control the size of 






The use of surfactants and inorganic salts as template is reported to require 
post-synthesis treatments and will possibly leave impurities in the crystal structure. 
Recently, Zhang et al. [22] has been using amino acid as the template for the 
synthesis of mesoporous CeO2 nanostructure. Amino acids tested were L-lysine, L-
glycine, L-glutamic acid and L-aspartic acid. The synthesis procedure is by first, 
dissolving amino acids in water and adjusting the pH condition to 6 using nitric acid 
to prevent formation of Ce(OH)3 deposition. Secondly, CeCl3.7H20 was added in the 
ratio of amino:Ce=2:1 and followed by sodium oxalate solution. The cerium oxalate 
precipitate formed was then hydrothermally heated at 160 °C for 24 h with amino 
acid as the crystal growth modifiers. The calcium oxalate precursors was then post-
treated with drying at 60 °C for 12 h and calcined at 360 °C in air for 1 h. The 
morphology of as-synthesized cerium oxalate precursor with the addition of L-lysine 
was reported to have a dumbbell-like particles formed by intergrowth of oriented 
nanorods arrays within the range of 200-400 nm width and rectangular cross sections. 
The ceria nanocrytals pack together in different orientations to form mesopores with 
diameter distributions from 1.5 to 8 nm. This dumbbell like nanostructure exhibit 
isotherm type IV, a surface area of 108 m2/g as well as a pore volume of 0.11 cm3/g 
calculated from adsorption branch by BJH method. The use of other amino acids 
shows results of bundles of packed rods and aggregated spheres formation, inferring 
that morphological control depends on the presence of carboxyl and amino group as 
well as the chain length of the functional group. Later studies done by Mitchell et al. 
[23] using similar sample preparation and template of linear- such as L-glutamic acid, 
branched-such as L-lysine, and ring amino acids, such as L-proline show direct 
correlation of amino acid templates on the CeO2 crytal size. Mesostructures observed 
are coral-like structure with two cones formed by compacted linear nanotubes of 
CeO2 connected at a narrow center and similar morphology can be obtained without 
the presence of amino acid, indicating nanodomain structures are independent of 
amino acid used in the synthesis.  
Cui et al. [24] performed the experiment on the effect of urea concentration, 
reaction temperature, and reaction time of ceria nanostructure synthesis. With 
increase in urea concentration, particle size tends to decrease uniformly. It is deduced 
that urea reduced the nucleation barrier by providing heterogeneous nucleation center 






sized CeOHCO3. Therefore, urea concentration is responsible for the rate of 
heterogeneous nucleation and surface energy in controlling the nanoparticle size. 
Under same reaction time, with an increase in reaction temperature, the width-length 
aspect ratio of the particles decreases, showing three-dimensional crystal growth. 
Meanwhile, under same reaction temperature of 120 °C, increase reaction time 
reveals the importance of reaction time to the morphological features of particles. 
In year 2010, Elaheh and his team [25] produced the first report on using 
ionic liquid based on the bis (trifluoromethylsulfonyl) imide anion and different 
cations of 1-alkyl-3-methyl-imidazolium (alkyl group of C2, C4, C6) to synthesize 
nanocrystalline zero-dimensional CeO2 particles using microwave-assisted heating 
method. Cerium nitrate hexahydrate and ionic liquid is used to form the precursor 
while sodium hydroxide solution is added to maintain pH value at 11.74. The 
microwave treatment is conducted at 65 °C. The average particle size is 10 nm with 
BET surface area of 87.31 m2/g and pore diameter of 6.7 nm exhibiting type IV 
adsorption isotherm. The research on having ionic liquid as an organic linker to 
produce CeO2 with enhanced catalytic properties has high potential to be further 
developed. This is because various ionic liquid is available to alter the morphology 
of CeO2, yet few had been tested so far. As mentioned previously, the catalytic 
properties of CeO2 highly depends on the exposure of reactive planes and surface to 
volume area. Therefore, the zero-dimensional ceria nanoparticles can be further 
modified in morphology by using various kinds of ionic liquid since the research on 
this particular area is still limited. 
Previously, there are other successful research done by Xia and colleagues to 
synthesize three dimensional hierarchical Copper Oxide peach stone-like 
architectures using ionic liquid-assisted hydrothermal treatment. The ionic liquid 
used is based on the trifluoroacetate anion and different cations of 1-alkly-3-
methylimidazolium (alkyl group of C4, C8, C16) [26]. Hydrothermal treatment using 
similar ionic liquid adopted from this paper can be applied on hierarchical synthesis 











In this study, the research methodology is divided into two parts. The first 
part is on synthesizing and characterization of three dimensional cerium oxide 
nanomaterials using different type of ionic liquid based on the trifluoroacetate anion, 
acetate anion and dicyanamide anion with different cations of 1-alkly-3-
methylimidazolium. The second part will focus on the application of 
photodegradation of methylene blue (azodye) using CeO2 under visible light 
irradiation.  
Commercial cerium oxide obtained from Sigma Aldrich without further 
purification and cerium oxide synthesized using ionic liquids are used for the azodye 
photodegradation experiment. This is to identify whether cerium oxide synthesized 
using ionic liquid had better catalytic activity than commercial cerium oxide and to 
compare which ionic liquid used for synthesizing cerium oxide give the best 
efficiency in dye removal process. 
3.1 Project Activities 
3.1.1 Preparation of Chemical Reagents 
The chemical reagents needed for the synthesis of three-dimensional cerium 
nanomaterial are listed below: 
Cerium (III) Nitrate Hexahydrate   Ce(NO3)3.6H2O 
Ammonium Hydroxide    NH3OH 
1-ethyl-3-methylimidazolium Acetate  C8H14N2O2 
1-ethyl-3-methylimidazolium Trifluoroacetate C8H11F3N2O2 
1-butyl-3-methylimidazolium Trifluoroacetate C10H15F3N2O2 
1-butyl-3-methylimidazolium Dicyanamide C10H15N5 







The ionic liquid used is simplified into shorter names and its chemical 
structures are shown below: 
1-ethyl-3-methylimidazolium Acetate ([Emim]A)  C8H14N2O2 
1-ethyl-3-methylimidazolium Trifluoroacetate ([Emim]TA) C8H11F3N2O2 
1-butyl-3-methylimidazolium Trifluoroacetate ([Bmim]TA) C10H15F3N2O2 
1-butyl-3-methylimidazolium Dicyanamide ([Bmim]DCN) C10H15N5 
 
FIGURE 3.1 Chemical structures of ionic liquid used for the synthesis of cerium oxide nanomaterial 
Cerium (III) Nitrate Hexahydrate acts as the precursor where this compound 
participates in the reaction with ionic liquid under hydrothermal treatment to form 
cerium oxide. Ammonium hydroxide is the pH adjuster while ionic liquid act as the 
organic linker to position or array or array cerium oxide nanomaterial. Ethanol is 
used with deionized water for the removal of ionic liquids and any possible ionic 
remnants during filtration process of nanocrystalline cerium oxide. 
The chemical reagents needed for photodegradation experiment under visible 
light irradiation are Methylene Blue azodye, Commercial Cerium (IV) Oxide, and pH 












3.1.2 Synthesis of Ionic Liquid 
In this experiment, one of the ionic liquid is synthesized. Below is the 
procedure for synthesizing 1-butyl-3-methylimidazolium Trifluoroacetate ionic 
liquid. 
 




3.42 g of Lithium Trifluoroacetate is weighed and dissolved in 100 mL of acetone. 
The solution is stirred in a 250 mL conical flask for 1 h until all Lithium 
Trifluoroacetate is fully dissolved in the solvent.
5 g of 1-butyl-3-methylimidazolium Chloride  is weighed and added into the 
Lithium Trifluoroacetate solution. The mixture is then stirred for another 5 h for 
the reaction to occur.
After 5 h, a solution with two immiscible phase is formed. The solution is filtered 
to remove lithium salts formed after the reaction.
Ethanol is added to the filtrate to mix the two immiscible phases that consist of 
acetone solvent and ionic liquid. This is to prevent ionic liquid losses due to high 
wetting ability of ionic liquid.
Water, acetone and ethanol is removed using rotary evaporator at 65 °C until all 
water has been removed.
The final ionic liquid product is then dried in a vacuum oven at 60 °C for 5 h to 






3.1.3 Synthesis of three-dimensional CeO2 nanomaterials 
Three-dimension Cerium organic nanomaterials were prepared by 
hydrothermal method. The synthesizing steps were presented in the flow sheet below: 
 
FIGURE 3.3 Experimental procedure for the synthesis of hierarchical structured CeO2 
 
2.00 g (4.585 mmol) Cerium(III) nitrate hexahydrate 
is weight and dissolve into 23 mL of deionized water
inside a 45 mL teflon vessel. 
2 mL of ionic liquid followed by 5 mL of NH3OH solution is added. The reaction 
started rapidly and white precipitate of Ce(OH)3 is formed. 
The teflon vessel is sealed with teflon tape and
transferred into an autoclave. The autoclave
is heated at 100-130 °C for 24 h in an oven.
After 24 h, the autoclave is left to cool down to room temperature. The final 
product are filtered and washed with 50 mL ethanol followed by 2000 mL of hot 
deionized water for two cycles.
The cerium oxide crystals are dried at 60 °C overnight and calcined at 400 °C for 






3.1.4 Characterization of ceria nanomaterials 
Characterization of the synthesized three dimensional cerium oxide 
nanomaterial was done by using different chemical analytical equipment and their 
functions were shown below: 
 
FIGURE 3.4 Chemical Analytical Tools for the characterization of CeO2 
 
Characterization method for 
cerium oxide nanomaterial
X-Ray Diffraction (XRD)
To determine crystal structure
Scanning Electron Microscopy (SEM)
To determine particle size & surface morphology
Energy Dispersive X-ray Spectrometry (EDX)
To obtain chemical analysis and element distribution
Transmission Electron Microscopy (TEM)
To determine particle size & surface morphology
Electron Energy Loss Spectroscopy (EELS)
To determine oxidation state of atom
Selected Area Electron Diffraction (SAED)
To determine crystalline structure
Surface Area Analyser & Porosimetry System 
(ASAP)
To analyse surface area & pore size distribution
Fourier Transform Infrared Spectroscopy (FT-IR)
To determine basic structure of compounds
Thermogravimetric Thermal Analysis (TGA)






3.1.5 Photocatalytic Degradation Experiment 
 The catalytic activity of cerium oxide synthesized using ionic liquids was 
evaluated through the removal efficiency of azodye. Methylene blue was used as the 
azodye for the photodegradation experiment under visible light irradiation. 
Photodegradation experiments were performed in a self-fabricated visible light 
photocatalytic reactor. The visible light photoreactor was equipped with: 
1.) 1000 watt halogen lamp as visible light source. 
2.) A magnetic stirrer to ensure uniform distribution of CeO2 throughout the 
reaction. 
3.) A cooling fan and water bath to maintain the reaction at room temperature. 
Figure 3.5 below shows the conceptual designed and actual setup of the 
visible light photoreactor. 
 










Below is the experimental design for methylene blue photodegradation experiment: 
 
FIGURE 3.6 Actual design of visible light photoreactor 
 
FIGURE 3.7 Methylene blue degradation under visible light source 
The photoreactor should be place at a dark room to prevent the interference of 
sunlight spectrum which consists of ultraviolet wavelengths that can affect the 
outcome of the photodegradation experiment. 
A 50 mL conical flask was used for the reaction. A distance of 10 cm was 
kept between the halogen lamp and conical flask using a jack or bricks. The stirring 
rate was kept unchanged for all the degradation experiments. During the reaction, the 
conical flask was sealed with transparent food wrap with rubber band fasten at the 
side to minimize the effect of water evaporation owing to the effect of concentration 
of sample extract for analysis. The small surface area of conical flask also highly 






Commercial cerium oxide bought from Sigma Aldrich was repeatedly used in 
order to design a standard procedure for the photodegradation experiment, such as 
fixing the method to prepare stock solution of methylene blue, container used for the 
degradation process, stirring rate and pH adjustment. The experiment had been 
conducted on Acid Orange 74, Sulfan Blue and Methylene blue. It shows that 
Methylene Blue show obvious reduction in colour within 8 h, thus it is a good 
indicator to compare the catalytic activity of cerium oxide synthesized using different 
ionic liquids.  
Flowchart for the photodegradation experiment of methylene blue using 
cerium oxide nanomaterial: 
 
FIGURE 3.8 Experimental procedures for the photodegradation of methylene blue 
A stock solution of 20 ppm (20 mg/L) of methylene blue dye was prepared using a 
1000 mL volumetric flask . 
A 50 mL conical flask was filled with the 20 ppm methylene blue prepared earlier 
. 1.0 g/L (0.05g) cerium oxide is added into the azodye solution. 
The pH value of the suspension was adjusted 10.5 by ammonium hydroxide 
solution.
The halogen light and cooling fan was turned on after first sample (initial 
concentration) was taken.
To determine the percentage of dye degradation, the samples were collected every 
fifteen minutes in the 1st hour, every 30 minutes in the 2nd hour, and one hour 
interval following that until the 6th hour.







3.2 Key Milestone 
Several key milestones for this research project must be achieved in order to 
meet the objective of this project: 
 
FIGURE 3.9 Key Milestone of Research Project 
 
Problem Statement and Objective of the Project
Identify the purpose of conducting the research work
Literature Review
Information gathering through published journals and internet sources to obtain 
relevant literatures for the research project
Experimental Design
Identifying the experimental procedure, variables, equipments and chemicals 
needed.
Identify the synthesising method of cerium oxide using ionic liquid, such as the 
temperature, reaction time, and the composition of reactant used. 
Design a standard procedure for the photodegradation of methylene blue using 
cerium oxide photocatalyst.
Data analysis and Interpretation
The findings obtain from characterization analysis and photodegradation results 
are interpreted critically using graphs and tables. Comparison with other literature 
readings were also done.
Documentation and Reporting
The research work were documented and reported in detail. Recommendations 






3.3 Gantt Chart 
TABLE 3.1 Gantt Chart for FYP I and FYP II 
Project activities 
Week No 
JAN FEB MAR APR MAY JUNE JULY AUG 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Selection of project topic                              
Preliminary research work                              
Submission of extended proposal      •                        
Proposal defence                              
Fine-tuning research methodology                              
Submission of interim draft report             •                 
Submission of interim report              •                
Arrival of experimental apparatus               •               
Experimental runs                              
Submission of progress report                      •        
Data post-processing                              
Data analysis and documentation                              
Pre-SEDEX                         •     
Submission of draft report                          •    
Submission of dissertation                           •   
Submission of technical paper                            •  
Oral presentation                             • 
Submission of project dissertation                              






3.4 Tools and equipment used 
Below is the list of equipments or tools used for each experimental section. 
The equipments used for synthesizing ionic liquid are: 
1. Rotary Evaporator 
2. Vacuum Oven 
The equipments used for synthesizing cerium oxide nanomaterial are: 
1. Non-vacuum Oven 
2. Vacuum Pump Filtration Unit 
3. 45 mL Autoclave 
The equipments used for characterization of cerium oxide nanomaterial are: 
1. X-Ray Diffraction (XRD) 
2. Scanning Electron Microscopy (SEM) 
3. Transmission Electron Microscopy (TEM) 
4. Surface Area Analyser & Porosimetry System (ASAP) 
5. Fourier Transform Infrared Spectroscopy (FT-IR) 
6. Thermogravimetric Analysis (TGA) 
The equipments used for photodegradation experiment are: 
1. Custom made Photoreactor 










RESULTS AND DISCUSSION 
The results shown below consist of cerium oxide synthesized using the ionic 
liquid below with its simplified name: 
1-ethyl-3-methylimidazolium Acetate ([Emim]A)  C8H14N2O2 
1-ethyl-3-methylimidazolium Trifluoroacetate ([Emim]TA) C8H11F3N2O2 
1-butyl-3-methylimidazolium Trifluoroacetate ([Bmim]TA) C10H15F3N2O2 
1-butyl-3-methylimidazolium Dicyanamide ([Bmim]DCN) C10H15N5 
The results were obtained with Scanning Electron Microscopy (SEM) 
analysis, X-Ray Diffraction (XRD), Energy-dispersive X-ray Spectroscopy (EDX), 
Transmission Electron Microscopy (TEM) analysis, Accelerated Surface Area & 
Porosimetry System (ASAP) analysis, and Fourier Transform Infrared Spectroscopy 
(FT-IR) analysis.  
In this section, the morphologies and crystal structures of the synthesized 
cerium oxide will be discussed based on the analysis results of SEM, TEM, XRD and 
SAED. EDX will provide the elemental analysis of each sample in identifying type 
of element found and its average distribution. ASAP analysis give information on the 
BET surface area, pore size, pore volume and particle diameter which will be useful 
in analyzing the catalytic activity of cerium oxide in dye degradation experiment. 
FT-IR results can be used to identify the bonding exist before and after the 
calcinations of cerium nanomaterial. EELS analysis determines the oxidation state of 
cerium ions (Ce3+/Ce4+) in the individual ceria nanomaterial. 
Lastly, the result for the degradation rate of methylene blue dye will be 







4.1 Scanning Electron Microscopy (SEM) Analysis Results 
4.1.1 Cerium Oxide synthesized by ([Emim]A) at 100 °C 
 
FIGURE 4.1 The SEM images of cerium oxide synthesized using ([Emim]A) at 100 °C 
Cerium Oxide nanomaterial synthesized using 1-ethyl-3-methylimidazolium 
Acetate at 100 °C consists of a mixture of cubic, and needle-like morphologies. 
Figure 4.1A consists of cerium nanocubes with well define edges and approximate 
width of 90 nm. Figure 4.1B shows irregular shaped crystal structures with flat 
surfaces of sizes ranging from 10-20 nm, and needle-like structures can be found. 
Figure 4.1C has more rectangular and needle-like cerium structures, only small 
amount of cubic structures are found. Figure 4.1D shows that needle-like structure is 
formed and irregular crystal structures similar to Figure 4.1B is found evenly 
attached among the needle-like structure. When cubic structures are abundant, 
needle-like structure cannot be found, whereas as the size and distribution of cubic 
structures reduces, more elongated and needle-like structures co-exist. Therefore, it 
can be deduced that the cubic structure are formed at the beginning and starts to 








attached together and grow in one direction to form an elongated needle-like 
structure. 
4.1.2 Cerium Oxide synthesized by ([Emim]A) at 130 °C 
 
FIGURE 4.2 The SEM images of cerium oxide synthesized using ([Emim]A) at 130 °C 
Hydrothermal treatment at a higher temperature of 130 °C with fix period of 
24 h gives a more consistent morphology distribution of a flat, thin elongated sheet 
with length between 150-200 nm and width around 60 nm in Figures 4.2A and 4.2B. 
Figures 4.2C and 4.2D of higher magnifications shows belt-shape ceria 
nanomaterials. 
Cerium oxide synthesized by 1-ethyl-3-methylimidazolium Acetate at 100 °C 
shows traces of elongated structures and temperature elevation to 130 °C produce 
belt-shape structures. A longer hydrothermal treatment time can be spent to allow 










4.1.3 Cerium Oxide synthesized by ([Emim]TA) at 100 °C 
 
FIGURE 4.3 The SEM images of cerium oxide synthesized using ([Emim]TA) at 100 °C 
Cerium oxide synthesis by 1-ethyl-3-methylimidazolium Trifluoroacetate at 
100 °C gives an octahedral shape (Figures 4.3A and 4.3B). Aggregation of small 
particles that consist of irregular shapes can be found. It can be deduced that this 
small particles bind together and slowly form irregular crystals with flat surfaces and 
edges. Eventually this irregular crystal will grow into an octahedral shape. 
4.1.4 Cerium Oxide synthesized by ([Bmim]TA) at 100 °C 
 









For cerium oxide synthesized by 1-butyl-3-methylimidazolium 
Trifluoroacetate at 100 °C, octahedral and truncated octahedral shape with size 
ranging from 70-100 nm were found in Figures 4.4A-C. Figure 4.4D consists of even 
smaller cerium particles at around 20 nm  as confirmed using SEM analysis.  
4.1.5 Cerium Oxide synthesized by ([Bmim]TA) at 130 °C 
 
FIGURE 4.5 The SEM images of cerium oxide synthesized using ([Bmim]TA) at 130 °C 
As the cerium oxide is treated at 130 °C as shown in Figures 4.5A and 4.5B, 
similar cerium particle with average size ranging from 20-30 nm were observed. 
These cerium particles were well-dispersed with even size distribution. Therefore, 
treatment at higher temperature might reduce the larger size of octahedral and 
















4.1.6 Cerium Oxide synthesized by ([Bmim]DCN) at 100 °C 
 
FIGURE 4.6 The SEM images of cerium oxide synthesized using ([Bmim]DCN) at 100 °C 
Cerium oxide synthesis by 1-butyl-3-methylimidazolium Dicyanamide at 
100 °C have huge microstructures as shown in Figures 4.6A and 4.6B. In Figures 
4.6C and 4.6D, ceria nanostructures with average size of 30-40 nm were observed 
and they bind to form a lump with irregular shape. The formation of these 
microstructures can be a result of crystal growth through overlapping or aggregation 
of ceria nanostructures. Microstructures continue to grow as more ceria 
nanostructures attached to its surface. 
By increasing the hydrothermal treatment temperatures to 130 °C, a more 
define surface morphology of the ceria microstructure were observed in Figures 
4.7A-F. The three different surface morphologies were magnified at 100 K and 50 K 
respectively. Figures 4.7A and 4.7B show a cliff-like surface of ceria microstructure. 
The microstructure surfaces in Figures 4.7C and 4.7D show a surface morphology 
similar to the wrinkles and folds on the human brain. This microstructure consists of 
less define crystalline structure with dented surface and the clear boundaries shows 








up of irregular crystalline structures with flat surfaces and define edges. These 
irregularly-shaped crystals have clear boundaries as well.  
4.1.7 Cerium Oxide synthesized by ([Bmim]DCN) at 130 °C 
 
FIGURE 4.7 The SEM images of cerium oxide synthesized using ([Bmim]DCN) at 130 °C 
The forming mechanism of the surface morphologies is unknown but it can 
be predicted that the cliff-like structure grows and crystal boundaries starts to form. 
Eventually a more defined crystal structure with flat surface and define edges grows 










FIGURE 4.8 EDX Spectrum displaying type of elements 
found in ([Emim]A) Synthesized CeO2 at 100 °C 
FIGURE 4.9 EDX Spectrum displaying type of elements 
found in ([Emim]A) Synthesized CeO2 at 130 °C 
FIGURE 4.10 EDX Spectrum displaying type of elements 
found in ([Emim]TA) Synthesized CeO2 at 100 °C 
4.2 Energy Dispersive X-ray Spectroscopy (EDX) Analysis results 
4.2.1 ([Emim]A) synthesized CeO2 at 100 °C 
 
 
4.2.2 ([Emim]A) synthesized CeO2 at 130 °C 
 
 






Element Weight % Atomic % 
C K 6.68 22.13 
O K 23.31 57.98 
Ce L 70.01 19.89 
Element Weight % Atomic % 
C K 21.55 52.04 
O K 19.76 35.81 
Ce L 58.69 12.15 
Element Weight % Atomic % 
C K 25.12 54.17 
O K 22.31 36.11 
Ce L 52.58 9.72 
TABLE 4.1 Weight % and Atomic % of CeO2 
synthesized by ([Emim])A) at 100 °C 
TABLE 4.2 Weight % and Atomic % of CeO2 
synthesized by ([Emim])A) at 130 °C 
 
 
TABLE 4.3 Weight % and Atomic % of CeO2 








FIGURE 4.11 EDX Spectrum displaying type of elements 
found in ([Bmim]TA) Synthesized CeO2 at 100 °C 
FIGURE 4.12 EDX Spectrum displaying type of elements 
found in ([Bmim]TA) Synthesized CeO2 at 130 °C 
FIGURE 4.13 EDX Spectrum displaying type of elements 
found in ([Bmim]DCN) Synthesized CeO2 at 100 °C 
4.2.4 ([Bmim]TA) synthesized CeO2 at 100 °C 
 
 
4.2.5 ([Bmim]TA) synthesized CeO2 at 130 °C 
 
 







Element Weight % Atomic % 
C K 24.47 56.56 
O K 18.53 32.15 
Ce L 57.01 11.30 
Element Weight % Atomic % 
C K 35.26 64.43 
O K 20.93 28.71 
Ce L 43.82 6.86 
Element Weight % Atomic % 
C K 33.85 61.10 
O K 23.88 32.36 
Ce L 42.27 6.54 
TABLE 4.4 Weight % and Atomic % of CeO2 
synthesized by ([Bmim])TA) at 100 °C 
 
 
TABLE 4.5 Weight % and Atomic % of CeO2 
synthesized by ([Bmim])TA) at 130 °C 
 
 
TABLE 4.6 Weight % and Atomic % of CeO2 








FIGURE 4.14 EDX Spectrum displaying type of elements 
found in ([Bmim]DCN) Synthesized CeO2 at 130 °C 
4.2.7 ([Bmim]DCN) synthesized CeO2 at 130 °C 
 
 
EDX result revealed that ionic liquid assisted ceria nanomaterials were consisted 
















Element Weight % Atomic % 
C K 35.22 65.78 
O K 19.20 26.92 
Ce L 45.58 7.30 
TABLE 4.7 Weight % and Atomic % of CeO2 

















FIGURE 4.15 The powder X-ray diffraction patterns of ionic liquid synthesized CeO2 
 
Figure 4.15 illustrates the powder XRD pattern of the synthesized products. 
All the reflections of the XRD pattern displays the peaks at 2θ values of 28.68°, 
32.4°, 47.68°, 56.12°, 58.96°, 69.36°, 76.56°, and 88.21° similar to those XRD peaks 
of CeO2 nanostructure with a lattice constant of a = 0.5410 nm as reported in the 
literatures [from Joint Committee on Powder Diffraction Standards (JCPDS) 
database 34-0394]. All the diffraction peaks can be indexed to (111), (200), (220), 
(311), (222), (400), (311), (420) and (422) planes, corresponding to a face centered 
cubic (fcc) nanostructure. These results also match with the SAED analysis in 
determining corresponding crystal planes by measuring the interplanar spacings from 


























































4.4 Transmission Electron Microscopy (TEM) Analysis Results 
4.4.1 Cerium Oxide synthesized by ([Emim]A) at 100 °C 
 
FIGURE 4.16 The TEM images of cerium oxide synthesized using ([Emim]A) at 100 °C 
TEM analysis in Figures 4.16A and 4.16B consist of a mixture of cube and 
plate-like structures that will eventually form belt shape under elevated temperature 
and longer reaction time. The measured particle size was 16 nm (Figure 4.16C). The 
interplanar spacings of CeO2 sample was measured based on the SAED pattern ring 
radius and then compared against values from the standard data (JCPDS: 34-0394). 
The SAED pattern in Figure 4.16D of ceria nanocube shows spotty ring patterns with 
interplanar spacing of 0.311, 0.27 nm based on measured ring radius. This 


















4.4.2 Cerium Oxide synthesized by ([Emim]A) at 130 °C 
 
FIGURE 4.17 The TEM images of cerium oxide synthesized using ([Emim]A) at 130 °C 
At elevated temperature of 130 °C, TEM analysis in Figures 4.17A and 4.17B 
show the belt-like structure. Cube and truncated octahedral structures were 
transformed into belt-like structure. The HRTEM image in Figure 4.17C confirms 
that the as-obtained ceria nanobelts were of good crystallinity and single-crystalline 
nature with diameter of 15-25 nm and lengths of 100-150 nm. The lattice fringes are 
clearly visible with a spacing of 0.319 nm, corresponding to the (111) interplanar 
spacing of ceria. SAED gives ring radius with interplanar spacing of 0.319 nm, 



















4.4.3 Cerium Oxide synthesized by ([Emim]TA) at 100 °C 
 
FIGURE 4.18 The TEM images of cerium oxide synthesized using ([Emim]TA) at 100 °C 
For ionic liquid based on Trifluoroacetate anion, Figure 4.18A of TEM 
analysis shows crystals with define crystal facets and edges, which disaggregate into 
smaller particles. The particles shown in Figures 4.18B and 4.18C consist of an 
average particle size of 6 nm. SAED pattern in Figure 4.18D indicates a 
polycrystalline structure. The interplanar spacings of CeO2 sample was measured 
based on the SAED pattern ring radius. The measured interplanar spacings were then 
compared against values from the standard data (JCPDS: 34-0394) to identify the 


















4.4.4 Cerium Oxide synthesized by ([Bmim]TA) at 100 °C 
 
FIGURE 4.19 The TEM images of cerium oxide synthesized using ([Bmim]TA) at 100 °C 
([Bmim]TA) ionic liquid which is also based on trifluoroacetate anion shows 
similar mechanism in forming ceria nanocrystals by disaggregation of crystals 
(Figure 4.19A). However the distinct difference is, the smaller ceria nanocrystals 
formed have more define crystal facets which is a cube shape of 25 nm in size as 
shown in Figures 4.19B and 4.19C. Judging from TEM analysis, hydrothermal 
treatment at 100 °C is still insufficient for the ceria nanocrystals to be fully matured 
since bigger crystals are still at the stage of disaggregation. SAED pattern in Figure 
4.19D indicates a polycrystalline structure with crystal planes of CeO2 that are in 
agreement with the standard data (JCPDS: 34-0394). 
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4.4.5 Cerium Oxide synthesized by ([Bmim]TA) at 130 °C 
 
FIGURE 4.20 The TEM images of cerium oxide synthesized using ([Bmim]TA) at 130 °C 
Hydrothermal treatment at elevated temperature of 130 °C produces ceria 
nanocrystals with an even distribution of size and shape according to Figures 4.20A 
and 4.20B. Average size of one particle is 30 nm in Figure 4.20C and the SAED 
pattern in Figure 4.20D indicates a polycrystalline structure with crystal planes of 




















4.4.6 Cerium Oxide synthesized by ([Bmim]DCN) at 100 °C 
 
FIGURE 4.21 The TEM images of cerium oxide synthesized using ([Bmim]DCN) at 100 °C 
Cerium oxide synthesized using ionic liquid based on dicyanamide at 100 °C 
consist of square shape structures with wide range of sizes. The smaller square 
structures agglomerate as shown in Figure 4.21A which shows the possibility to form 
crystal microstructures as shown in SEM images. Figures 4.21B and 4.21C show the 
magnification of a single cube shape ceria crystal with size of 23 nm. SAED pattern 
in Figure 4.21D indicates a polycrystalline structure with crystal planes of CeO2 that 



















4.4.7 Cerium Oxide synthesized by ([Bmim]DCN) at 130 °C 
 
FIGURE 4.22 The TEM images of cerium oxide synthesized using ([Bmim]DCN) at 130 °C 
Hydrothermal treatment at elevated temperature of 130 °C further reduces the 
square shape structure into an average size of 10 nm as shown in Figure 4.22C. 
Severe agglomeration still persist according to the TEM images in Figures 4.22A and 
4.22B. This condition will lead to the formation of ceria microstructure judging from 
SEM images. SAED pattern in Figure 4.22D indicates a polycrystalline structure 



















4.5 Surface Area Analyser & Porosimetry System (ASAP) Analysis Results 
4.5.1 Cerium Oxide synthesized by ([Emim]A)  
 
FIGURE 4.23 Adsorption isotherms of CeO2 synthesized by ([Emim]A) at a.) 100 °C and b.) 130 °C 
 
N2 adsorption-desorption isotherms of the cerium oxidesynthesized using 
([Emim]A) at 100 °C and 130 °Chave an adsorption branch that shows  an uptake of 
adsorbed volume at high relative pressure. Both exhibits type-IV isotherm with H1-
type hysteresis, a feature of mesoporous material with a relative narrow loop at P/P0 
~ 0.8-1.0. H1-type hysteresis had been associated with porous material exhibiting a 
narrow distribution of relatively uniform cylindrical pores [28]. Based on Figure 4.23, 
cerium oxide with hydrothermal treatment at higher temperature have slightly 
reduced adsorption capacity. 
 
4.5.2 Cerium Oxide synthesized by ([Emim]TA) and ([Bmim]TA) 
 

















































































FIGURE 4.24 Adsorption isotherms of CeO2 synthesized by ([Emim]TA) at a.) 100 °C; and ([Bmim]TA) at 
b.) 100 °C and c.) 130 °C 
 
Cerium oxide synthesized using ([Emim]TA) at 100 °C; and ([Bmim]TA) at 
100 °C and 130 °C exhibit type IV isotherm with H1-type hysteresis as well with 
narrow loop at P/P0 ~ 0.8-1.0 according to Figure 4.24. 
Therefore, it is suggested that the cerium oxide synthesized by using ionic 
liquids based on acetate and trifluoroacetate anion produces similar adsorption 
mechanism. Based on Figure 4.26, acetate anion based ionic liquid produces cerium 
oxide with higher adsorption capacity compare to trifluoroacetate anion based ionic 
liquid 
4.5.3 Cerium Oxide synthesized by ([Bmim]DCN) 
 
FIGURE 4.25 Adsorption isotherms of ([Bmim]DCN) CeO2 synthesized by ([Bmim]DCN) at a.) 100 °C and 
b.) 130 °C 






































































































CeO2 synthesized using dicyanamide anion based ionic liquid at 100 °C 
exhibits type II isotherm (Figure 4.25A). The total reversibility at desorption branch 
indicates a mesoporous solid. Multilayer adsorption occur after achieving the 
intermediate flat region corresponding to monolayer adsorption. On the other hand, 
hydrothermal treatment at elevated temperature of 130 °C using similar ionic liquid 
produce cerium oxide that exhibits type IV isotherm with H3-type hysteresis at P/Po 
~ 0.4-0.8, a feature of mesoporous material (Figure 4.25B). 

































FIGURE 4.26 Adsorption isotherm comparisons for all ionic liquid-synthesized CeO2 
 
Cerium oxide synthesized by acetate anion based ionic liquid has the highest 
uptake adsorb volume, follow by dicyanamide and trifluoroacetate. This shows a 
directly proportional relation to the surface area information as shown in Table 4.8 
with trifluoroacetate based ionic liquid-synthesized cerium oxide having the lowest 
surface area. It can be observed that uptake adsorb volume decrease as hydrothermal 
treatment temperature is increased for all CeO2 samples except for dicyanamide 






Table 4.8 summarized the pore volume, pore diameter, particle size and BET 
surface area information from ASAP analysis. The average pore diameter are 
calculated from the desorption branch of the nitrogen isotherm with BJH method. 
TABLE 4.8 Summary of ASAP analysis for CeO2 












([Emim]A) at 100°C 62.7318 0.3330 210.1511 956.452 
([Emim]A) at 130°C 45.4051 0.2784 190.967 1321.436 
([Emim]TA) 100°C 43.9423 0.1861 174.674 1365.427 
([Bmim]TA) 100°C 27.5070 0.1383 209.914 2181.263 
([Bmim]TA) 130°C 23.6864 0.1293 240.736 2533.096 
([Bmim]DCN) 100°C 41.8837 0.08222 107.968 1432.54 
([Bmim]DCN) 130°C 46.6944 0.0705 84.585 1284.949 
 
It is observed that the pore diameters are all within the range of mesopore 
sizes of 20-500 Å. The surface area of CeO2 is inversely proportional to the particle 
size. ([Emim]A) synthesized CeO2 at 100 °C hydrothermal treatment has the highest 
surface area, and its surface area reduces as the temperature is elevated to 130 °C. 
CeO2 synthesized by ([Bmim]TA) shows the same trend of reduction in surface area 
as the synthesizing temperature is raised to 130 °C. A comparison is made for CeO2 
synthesized by trifluoroacetate anion based ionic liquid – ([Emim]TA) and 
([Bmim]TA) at 100 °C, the surface area reduced as higher carbon alkyl group (butyl) 
is used. Only CeO2 synthesized using ([Bmim]DCN) shows increased surface area as 
the hydrothermal treatment temperature is increased. 
As the surface area and pore volume of CeO2 sample is higher, the nitrogen 
gas adsorbs volume increased as observed in Figure 4.26. The average size of 
([Emim]A) synthesized ceria is the smallest. This smaller ionic liquid reduces the 
particle size as a result of its adsorption on the surface of CeO2 nanoparticles which 
inhibits the aggregation of CeO2. In other words, it has the strongest adsorbed ionic 






4.6 Electron Energy Loss Spectroscopy (EELS) Analysis Results 
 





























FIGURE 4.27 Electron energy loss spectroscopy analysis of synthesized CeO2 
 
The analysis of the fine structure of the M4, M5 lines of cerium oxide in 
EELS analysis in Figure 4.27 can be used to differentiate between the Ce(III) and 
Ce(IV) species. The change in the oxidation state of cerium oxide due to electron 
beam exposure will cause significant change in the M4/M5 intensity ratio, slight shift 
of energy of these lines, as well as the appearance of small shoulders at higher 
energy loss in both lines [29]. EELS analysis indicates that all CeO2 sample 
synthesized using ionic liquid are present in the structure as Ce(IV) since the greater 
intensity of CeM4 peak than CeM5 peak indicates Ce(IV)-rich phase. CeO2 sample 
with higher ratio of Ce4+ is more stable and exhibit higher catalytic activity due to its 
higher oxygen content, and quick repeatable Ce4+/Ce3+ redox cycles that is capable of 








Table 4.9 shows the summary of Ce4+amount in the CeO2 samples from the 
highest to the lowest down the column. 
TABLE 4.9 Summary of EELS analysis on the ratio of Ce4+ 







1. Highest ratio of Ce4+ is found in CeO2 synthesized by ([Emim]TA) at 100 °C. 
2. Lowest ratio of Ce4+ is found in CeO2 synthesized by ([Bmim]TA) at 130 °C. 
3. ([Emim]A) synthesized CeO2 ratio increased significantly as the reaction 
temperature is increased. 
4. ([Bmim]TA) synthesized CeO2 ratio decrease significantly as the reaction 
temperature is increased. 
3. ([Bmim]DCN) synthesized CeO2 ratio increase slightly as the reaction decrease 
significantly as the reaction temperature is increased. 
It can be concluded that CeO2 synthesized with trifluoroacetate based ionic liquid 
drop in Ce4+ ratio as treatment temperature increase, while for acetate and 











4.7 Fourier Transform Infrared Spectroscopy (FT-IR) Analysis Results 
 
































FIGURE 4.28 FT-IR spectrum of ionic liquid synthesized CeO2 
 
Infrared spectra are used to detect the possible adsorbed species. All the ceria 
samples in Figure 4.28 show Ce-O stretching band around 450 cm-1confirms the 
formation of CeO2. The peak at 3400 cm-1 corresponds to the physically adsorbed 
water on the samples and the broad band centered at 3420 cm-1 and 1630 cm-1 are 
respectively assigned to O-H stretching and bending modes of water. The existence 
of water is common since cerium oxide is slightly hygroscopic in nature at the 
atmospheric condition. The characteristic band of the imidazolium ring around 3100 
cm-1corresponding to the symmetric (2854 cm-1) and asymmetric (2916 cm-1) 
stretching of the C-H bond in the position four and five of the imidazolium ring 
disappears completely [26]. This shows that ionic liquid can be easily removed from 
the surface of CeO2 by deionized water and ethanol solution. The strong peaks at 
1400-1563 cm-1 are attributed to the C=O stretch of carbonate and the peaks at 1070 







4.8 Thermogravimetric Analysis (TGA) Results 






















FIGURE 4.29 Thermogravimetric Analysis of the synthesized CeO2 samples at 100 °C for 24 h 
 
The simultaneous thermogravimetric analysis (TGA) curves of the ceria 
nanocube in flowing air from room temperature to 800 °C are shown in Figure 4.29. 
The TGA curves shows near linear weight-loss step since the beginning of analysis. 
However, there are two main weight loss steps with greater weight loss at 
temperature ranges of 25-250 °C (3 wt%) and 250-800 °C (4.4 wt%), respectively. 
The initial weight loss step consists of removal of moisture such as the crystallized 
water and physically adsorbed water, trapped solvent and acetate. The latter weight 
loss steps might be due to the particle thermal decomposition. It can be observed that 
the total weight loss is less than 7.3 wt% indicating the ceria nanocubes are 
thermodynamically stable. TG analysis also shows that the ceria sample synthesized 
under the presence of trifluroacetate anion based ionic liquid - [Emim]TA and 
[Bmim]TA exhibits highest thermodynamic stability judging from the minor weight 






indicating the weight loss process ceases. Ceria sample synthesized under the 
presence of [Bmim]DCN has two significant weight loss steps with range of 25-
220 °C (3.6 wt%) related to loss of moisture and from 220 °C that gradually reaches 
a plateau at 750 °C. The weight loss between 220-750 °C is measured to be about 5 
wt%, thus forming a total weight loss of 8 wt%. It is concluded that the content of 
surface hydration of each obtained CeO2 is between 2.8-4 wt%. The weight loss in 
the range of 25-250 °C indicating moisture loss is compatible with FT-IR results 
(Figure 4.28) having [Emim]TA sample with highest water content that gives a 
steepest curve and [Bmim]TA sample with lowest water content giving a flatter 
curve. The higher weight loss step found in ceria sample synthesis in the presence of 
[Emim]A and [Bmim]DCN is probably due to decomposition of Ce2O(CO3)2 that 
matches with FT-IR results showing both samples having highest intensity of 
characteristic bands of CO32- that belongs to Ce2O(CO3)2. The weight loss 
responsible for decomposition of Ce2O(CO3)2 to CeO2 is 4.4-5 wt%, indicating the 
sample mainly consist fully formed CeO2. FT-IR analysis also shows no traces of 
ionic liquid attached to all CeO2 samples; therefore, drastic weight loss due to the 

















4.9 Photodegradation Results of Methylene Blue 





















FIGURE 4.30 Temporal course of the photodegradation of methylene blue in CeO2 aqueous dispersions 
under visible light irradiation 




























FIGURE 4.31 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 






























FIGURE 4.32 Degradation efficiency of methylene blue (20 mg/L) at pH 11 catalyzed by CeO2 
nanoparticles (0.5 g/L) synthesized using different ionic liquid 
 
For the photodegradation experiment, the catalytic activity of seven CeO2 
samples had been used to compare against the commercial CeO2. From Figure 4.30, 
all CeO2 catalyst is capable of fully degrading 20 ppm methylene blue within 3 h and 
exhibit much higher catalytic activity than the commercial CeO2. 
The UV/vis spectra change of methylene blue catalyzed by CeO2 synthesized 
using ([Emim]A) at 100 °C in Figure 4.31 shows the methylene blue characteristic 
band centered at 664 nm decreased promptly upon light irradiation, indicating that at 
least the chromophoric structure of the dye was destroyed. UV/vis spectra for all 
degradation experiment using different cerium oxide catalyst synthesized by ionic 
liquid can be found in the Appendix I which shows similar trend of decreased 
characteristic band at 664 nm. Figure 4.32 shows the first 2 h of degradation activity. 
It is suitable to compare the degradation rate based on the first 2 h where the catalytic 
activity peaks. It can be observed that the degradation efficiency of methylene blue is 






reason that the surface area of each photocatalyst is in close range. In addition to 
surface areas, the degradation efficiency is also affected by particle size, crystallinity, 
and surface properties such as different distribution of reactive surface sites and 
disordered surface regions. 
The kinetic data for methylene blue degradation rate are fitted to pseudo first 
order and pseudo second order linear forms [30]. Table 4.10 shows the linear form of 
kinetic expressions used to determine the reaction constant: 
TABLE 4.10 Pseudo first-order and pseudo second-order linear forms 
Type Linear Form 
Pseudo first-order log(qe-q) = log(qe) − K1t2.303 
 
Type 1 Pseudo second-order 
tq = 1K2qe2 + 1qe t 
 
Type 2 Pseudo second-order 
1q = � 1K2qe2� 1t + 1qe 
 
Type 3 Pseudo second-order 
1t = K2qe2q + K2qe2qe  
 
Type 4 Pseudo second-order qt = K2qe2 + K2qe2qqe  
Type 5 Pseudo second-order 1qe-q = 1qe + K2t 
 
Table 4.11 is the summary of the rate constant, K2 and initial sorption rate, qe 









TABLE 4.11 Pseudo second-order and first order rate constants by linear method for the degradation of methylene blue (Co: mg/L; qe: mg/g; K2: g/mg min; K1: ,min-1) 
 
Pseudo second-order and first order rate constants by linear method for the degradation of methylene blue 
Co qe, exp Type 1 Pseudo second-order    Type 2 Pseudo second-order   Type 3 Pseudo second-order  
      K2 qe r2     K2 qe r2     K2 qe r2 
Commercial 6.001 
 
0.00020 14.3513 0.2816 
  
0.00133 -3.7497 0.9285 
  
0.00199 -2.9576 0.9285 
([Emim]A) 100°C 6.996 
 
0.00227 8.4012 0.9694 
  
0.00026 18.0148 0.9452 
  
0.00015 22.9402 0.9452 
([Emim]A) 130°C 5.837 
 
0.00192 7.4107 0.9510 
  
0.00048 11.9717 0.9648 
  
0.00037 13.4556 0.9648 
([Emim]TA) 130°C 9.064 
 
0.00003 41.3223 0.0221 
  
0.00428 -1.8619 0.8072 
  
0.00801 -1.2235 0.8072 
([Bmim]TA) 100°C 10.177 
 
0.00007 29.7530 0.0717 
  
0.00298 -2.5791 0.8099 
  
0.00566 -1.6845 0.8099 
([Bmim]TA) 130°C 11.566 
 
0.00047 16.9837 0.8718 
  
0.00002 65.4022 0.9748 
  
0.00001 98.7104 0.9748 
([Bmim]DCN) 100°C 11.741 
 
0.00028 19.9164 0.5953 
  
0.00036 -11.6645 0.9046 
  
0.00067 -8.1009 0.9046 
([Bmim]DCN) 130°C 9.748 
 
0.00016 21.0438 0.2091 
  
0.00187 -3.6559 0.8212 
  
0.00370 -2.3513 0.8212 
Co qe, exp Type 4 Pseudo second-order   Type 5 Pseudo second-order    Pseudo first-order  
      K2 qe r2     K2 qe r2     K1 qe r2 
Commercial 6.001 
 
0.000003 -111.1490 0.0018 
  
-0.00327 0.3383 0.0024 
  
0.02199 0.1569 0.8700 
([Emim]A) 100°C 6.996 
 
0.000860 11.3176 0.5343 
  
0.17155 -0.3335 0.2394 
  
0.02476 0.2236 0.9720 
([Emim]A) 130°C 5.837 
 
0.000659 10.6629 0.4678 
  
0.05517 0.4104 0.0513 
  
0.02361 0.0736 0.8949 
([Emim]TA) 130°C 9.064 
 
0.000019 59.8198 0.0129 
  
-0.06381 0.4707 0.5750 
  
-
0.02296 1.9226 0.9777 
([Bmim]TA) 100°C 10.177 
 
0.000008 99.7588 0.0048 
  
-0.04822 0.2792 0.2730 
  
0.00284 3.0304 0.9651 
([Bmim]TA) 130°C 11.566 
 
0.000114 29.9179 0.2525 
  
-0.15734 0.0838 0.3445 
  
0.01808 1.7600 0.8707 
([Bmim]DCN) 100°C 11.741 
 
0.000043 46.1910 0.0651 
  
-0.0123 0.1949 0.0075 
  
0.02950 11.9347 0.9491 







 The calculated kinetic constants of methylene blue degradation catalyzed by 
ionic liquid synthesized cerium oxide are shown in Table 4.11. It was observed that 
the rate constant, K2 and initial sorption rate, qe values obtained from the five linear 
forms of pseudo second-order expressions were different. The kinetic model of 
Methylene blue degradation using different catalyst will be selected base on highest 
regression coefficient, r2 and with calculated initial sorption rate, qe closest to 
experimental value, qexp. Cerium oxide synthesized by ([Emim]A) at 100 °C and 
130 °C; and ([Bmim]TA) at 130 °C  has higher r2 values in type 1 pseudo second-
order expression and its qe is close to the experimental value. Thus, it is suggested 
that type 1 pseudo second-order kinetic expression was the optimum kinetic 
expression to represent the methylene blue degradation catalyzed by the cerium 
oxide synthesized using ionic liquid and temperature mentioned above. Type 1 
Pseudo second-order kinetics expression was getting valid for methylene blue while 
the transformation of non-linear pseudo second-order expression of type 2, 3, 4 and 5 
linear expressions distorts the experimental value.   
The remaining ceria samples follows pseudo first order expression since the 
obtained regression coefficient is high and qe obtained is close to experimental value. 
Table 4.12 summarized the type of kinetic model exhibit by ionic liquid synthesized 
cerium oxide catalyst in the degradation of methylene blue and the degradation rate 
from the highest to the lowest down the column. The degradation rate of methylene 
blue is a direct indication of the ceria catalytic activity. 
TABLE 4.12 Comparison of the degradation efficiency of ionic liquid synthesized CeO2 
Degradation 
efficiency  
Cerium oxide sample Kinetic Model Rate Constant, 
K 
1 ([Bmim]DCN) at 100°C Pseudo first-order 11.9347 
2 ([Emim]A) at 100°C Type 2 Pseudo second-order 8.4012 
3 ([Emim]A) at 130°C Type 2 Pseudo second-order 7.4107 
4 ([Bmim]TA) at 100°C Pseudo first-order 3.0304 
5 ([Bmim]DCN) at 130°C Pseudo first-order 1.994 
6 ([Emim]TA) at 100°C Pseudo first-order 1.9226 
7 ([Bmim]TA) at 130°C Type 2 Pseudo second-order 1.7600 






Explanation on degradation efficiency in this project is given based on the 
surface area and amount of Ce4+. CeO2 synthesized by ([Emim]A) at 100 °C have the 
highest surface area, thus it exhibit higher catalytic activity for the degradation of 
methylene blue. On the other hand, CeO2 synthesized by ([Bmim]TA) at 130 °C has 
the lowest surface area in BET analysis and lowest Ce4+ content in EELS analysis, 
thus it has the lowest catalytic activity of all, but still more efficient than commercial 
CeO2. The highest catalytic activity of ceria synthesized by [Bmim]DCN at 100 °C 
may be due to its type II adsorption characteristic where capillary condensation does 
not occur. We can be observed that the catalytic of CeO2 synthesized at 100 °C is 
higher than 130 °C. As mentioned previously, the surface area of catalyst reduced as 
the hydrothermal treatment temperature elevates to 130 °C, this proves that the 
reduced surface area also decrease the catalytic activity of ceria. It is also found that 
ceria samples with higher content of Ce4+ based on EELS analysis gives better 
catalytic activity.  
However the catalytic activity cannot be explained solely based on surface 
since the surface are of all ceria sample are within the close range of 42–62 m2/g. 
Exposure of a large proportion of active planes such as (100) on the surface of CeO2 
synthesized with the presence of [Emim]A, [Bmim]TA, and [Bmim]DCN as shown 
in SEM images also contribute to the much higher catalytic activity for methylene 
blue photodegradation while [Emim]TA-synthesized CeO2 of irregular shape rank 














CONCLUSION AND FUTURE WORK 
In conclusion, the objectives of the research have been achieved. Cerium 
oxide nanomaterial with higher catalytic activity than commercial ceria had been 
successfully synthesized. The characterization of the synthesized cerium oxide 
samples using FT-IR, EDX and EELS analysis proves the formation of CeO2 
compound. EELS analysis proved that Ce4+ content is high in all samples. XRD and 
SAED analysis shows that all the samples consist of cubic fluoritestructure (FCC) 
with of each cerium site surrounded by eight oxygen sites in FCC arrangement. 
Cerium oxide synthesized using acetate anion based ionic liquid, ([Emim]A) shows 
possible formation of belt-like morphology and hydrothermal treatment temperature 
at 100 °C gives the highest surface area of 62 m2/g. It also has the highest adsorption 
capacity in N2 adsorption-desorption analysis. Cerium oxide synthesized using 
trifluoroacetate anion based ionic liquid shows possible formation of zero-
dimensional ceria particles. Cerium oxide synthesized by ([Bmim]DCN) tend to 
aggregate and form microstructures. The ceria sample decrease in surface area when 
undergo hydrothermal treatment at elevated temperature, however, only ceria sample 
synthesized by dicyanamide anion based ionic liquid shows the opposite trend. 
Generally the surface area of all ceria samples are in the range of 42–62 m2/g. Ceria 
samples synthesized by acetate and trifluoroacetate anion based ionic liquid exhibit 
type IV adsorption isotherm, indicating the feature of mesoporous material. Whereas 
for ceria samples formed by dicyanamide anion based ionic liquid exhibit type II 
adsorption isotherm and gradually convert to type IV under elevated hydrothermal 
treatment temperature. TGA analysis indicates ionic liquid-synthesized CeO2 via 
hydrothermal method consist of high thermodynamic stability with overall weight 
loss of not more than 8 wt% up to 800 °C. 
In the second part of the objective, the degradation of methylene blue dye 
using ionic liquid synthesized cerium oxide is proven to be much more efficient 
compared to commercial cerium oxide nanoparticles. Ionic liquid synthesized cerium 






reducibility, and higher mobility of surface oxygen species compare to commercial 
cerium oxide. Ceria formed using ([Bmim]DCN) and ([Emim]A) at 100 °C has the 
highest catalytic activity with reaction constant value of 11.9347 and 8.4012 
respectively due to the reason that it has the highest surface area and adsorption 
volume capacity compared to other CeO2 sample being tested. Ceria synthesized 
with the presence of [(Bmim)TA] at 130 °C has the lowest reaction constant rate 
value of 1.76 but still all of the samples exhibit higher catalytic activity than 
commercial ceria with value of 0.1569. Other analytical tool such as RAMAN 
spectroscopy, XPS, X-ray absorption near edge structure (XANES), etc. should be 
used for the characterization of CeO2 samples because ASAP and EELS analysis 
alone is insufficient to explain the main factors that affect the catalytic activity  of 
azodye degradation. 
Since ionic liquid synthesized cerium oxide exhibit good catalytic activity 
compare to the commercial ceria, for future work, more focus can be done on 
controlling the synthesizing parameters such as varying the hydrothermal treatment 
temperature, ionic liquid dosage and treatment time to allow complete crystal 
formation and to enhance the catalytic activity. Application wise, the 
photodegradation efficiency can be optimized by varying the experimental 
parameters such as reaction temperature, photocatalyst dosage, concentration of dye 
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FIGURE A.I.1 Calibration curve of methylene blue azodye 




























FIGURE A.I.2 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 



































FIGURE A.I.3 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 
time, catalyzed by CeO2 synthesized by ([Emim]TA) at 100 °C 
 






























FIGURE A.I.4 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 






































FIGURE A.I.5 UV/vis absorption spectra changes of methylene blue recorded asa function of irradiation 
time, catalyzed by CeO2 synthesized by ([Bmim]TA) at 130 °C 
 
































FIGURE A.I.6 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 





































FIGURE A.I.7 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 
time, catalyzed by CeO2 synthesized by ([Bmim]DCN) at 130 °C 
 





























FIGURE A.I.8 UV/vis absorption spectra changes of methylene blue recorded as a function of irradiation 

































FIGURE A.II.1 Pseudo first-order kinetics by linear method for the degradation of methylene blue 
catalyzed by cerium oxide nanomaterial 



















FIGURE A.II.2 Type 1 Pseudo second-order kinetics by linear method for the degradation of methylene 



























FIGURE A.II.3 Type 2 Pseudo second-order kinetics by linear method for the degradation of methylene 
blue catalyzed by cerium oxide nanomaterial 
 




















FIGURE A.II.4 Type 3 Pseudo second-order kinetics by linear method for the degradation of methylene 





























FIGURE A.II.5 Type 4 Pseudo second-order kinetics by linear method for the degradation of methylene 
blue catalyzed by cerium oxide nanomaterial 
 


























FIGURE A.II.6 Type 5 Pseudo second-order kinetics by linear method for the degradation of methylene 











Figure A.III.1 TEM images of hexagonal shape CeO2 
 







Figure A.III.3 SAED analysis for hexagonal CeO2 
 


























Figure A.III.4 EELS analysis of hexagonal CeO2based on the location in TEM analysis in Figure A.III.1 
